The genomic RNA of the coronavirus infectious bronchitis virus contains an efficient ribosomal frameshift signal which comprises a heptanucleotide slippery sequence followed by an RNA pseudoknot structure. The presence of the pseudoknot is essential for high-efficiency frameshifting, and it has been suggested that its function may be to slow or stall the ribosome in the vicinity of the slippery sequence. To test this possibility, we have studied translational elongation in vitro on mRNAs engineered to contain a well-defined pseudoknotforming sequence. Insertion of the pseudoknot at a specific location within the influenza virus PB1 mRNA resulted in the production of a new translational intermediate corresponding to the size expected for ribosomal arrest at the pseudoknot. The appearance of this protein was transient, indicating that it was a true paused intermediate rather than a dead-end product, and mutational analysis confirmed that its appearance was dependent on the presence of a pseudoknot structure within the mRNA. These observations raise the possibility that a pause is required for the frameshift process.
The genomic RNA of the coronavirus infectious bronchitis virus contains an efficient ribosomal frameshift signal which comprises a heptanucleotide slippery sequence followed by an RNA pseudoknot structure. The presence of the pseudoknot is essential for high-efficiency frameshifting, and it has been suggested that its function may be to slow or stall the ribosome in the vicinity of the slippery sequence. To test this possibility, we have studied translational elongation in vitro on mRNAs engineered to contain a well-defined pseudoknotforming sequence. Insertion of the pseudoknot at a specific location within the influenza virus PB1 mRNA resulted in the production of a new translational intermediate corresponding to the size expected for ribosomal arrest at the pseudoknot. The appearance of this protein was transient, indicating that it was a true paused intermediate rather than a dead-end product, and mutational analysis confirmed that its appearance was dependent on the presence of a pseudoknot structure within the mRNA. These observations raise the possibility that a pause is required for the frameshift process. The extent of pausing at the pseudoknot was compared with that observed at a sequence designed to form a simple stem-loop structure with the same base pairs as the pseudoknot. This structure proved to be a less effective barrier to the elongating ribosome than the pseudoknot and in addition was unable to direct efficient ribosomal frameshifting, as would be expected if pausing plays an important role in frameshifting. However, the stem-loop was still able to induce significant pausing, and so this effect alone may be insufficient to account for the contribution of the pseudoknot to frameshifting.
In recent years, it has become clear that the secondary and tertiary structure of mRNA, as well as its primary sequence, may play a key role in the regulation of its translation. Several eukaryotic and prokaryotic systems in which initiation of translation is influenced by the presence of specific kinds of RNA structure within the mRNA have been described. For example, the iron-responsive element present within the 5' untranslated region (UTR) of the mRNA for ferritin, and also in the 3' UTR of the transferrin receptor mRNA, comprises a stem-loop structure which is recognized specifically by a cellular protein; iron starvation of cells leads to increased binding of this protein to the iron-responsive element and a concomitant enhancement of ferritin mRNA translation (reviewed in reference 21) . A more complex tertiary structure present at the 5' end of transcripts from the Escherichia coli a operon appears to operate in a similar fashion. In this case, the structure is recognized by one of the translation products of the RNA, the S4 protein, resulting in inhibition of initiation by a feedback mechanism (35) . The expression of several ribosomal protein operons appears to be regulated in a related manner (12, 14) . Finally, initiation of translation on picornavirus mRNAs by internal entry of ribosomes is known to involve essential elements of RNA secondary structure located in the 5' UTR (reviewed in reference 19) .
There is now clear evidence that RNA structures may also influence the function of the elongating ribosome. One impressive example of such an effect is ribosomal frameshifting, in which translating ribosomes may change reading frame at a specific site within an mRNA, leading to the synthesis of an alternative protein product. In many cases, these frameshift sites include specific RNA structures which are necessary for frameshifting to occur (reviewed in references 1 and 16). Our previous work has concentrated on a highly efficient ribosomal frameshift signal located at the junction of the la and lb open reading frames (ORFs) on the genomic RNA of infectious bronchitis virus (IBV), a member of the positive-stranded coronavirus group (33) . Ribosomes encountering this signal frequently change to the -1 reading frame (on about 30% of occasions), with the consequence that they fail to terminate at the end of the la ORF and proceed to synthesize a very large protein composed of fused la and lb sequences (3). We have established that the frameshift signal consists of two important elements, a so-called slippery sequence (UUUAAAC), at which ribosomes actually change frame, and an RNA pseudoknot structure located just downstream of the slippery sequence (4) ( Fig. 1 ). Both elements are required for high-efficiency frameshifting. Extensive analysis of the pseudoknot by mutagenesis has shown that its primary sequence appears largely to be unimportant, provided that the tertiary interactions are maintained (7) . Furthermore, the RNA pseudoknot structure may not be replaced by a simple stem-loop involving the same base pairing (7) . It appears, therefore, that there is some feature peculiar to the pseudoknot which is particularly appropriate to this kind of translational control. This view has gained support from the analysis of -1 ribosomal frameshift signals from several other systems; RNA pseudoknots appear to be required for frameshifting during translation of the genomic RNA of a number of other positive-stranded RNA viruses (2, 9, 25, 31) , a doublestranded RNA virus of the yeast Saccharomyces cerevisiae, (10, 39) , and several retroviruses (8, 18, 29) . It is therefore of considerable interest to understand how this tertiary structure contributes to the frameshift process.
The most plausible explanation advanced so far is that the presence of RNA secondary structure just downstream of an 
The ribosomal frameshift signal of IBV. The la and lb ORFs of IBV overlap by 42 nt with lb in the -1 reading frame with respect to la. The diagram shows the two components of the frameshift signal, the slippery sequence UUUAAAC (boxed) and the RNA pseudoknot structure located 6 nt downstream. The two stacked stems of the pseudoknot are drawn horizontally and form a quasi-continuous double helix of 16 bp (shaded), with a mismatched pair (G-A) in stem 1. The single-stranded connecting loops contain 2 (loop 1) and 32 (loop 2) nt, respectively. The termination codon of the la ORF, which forms part of stem 1, is boxed (UGA).
inherently slippery sequence of nucleotides may slow or stall the ribosome as it translates the slippery sequence, allowing realignment of the decoding tRNAs on the mRNA in a new frame (18) . Consistent with this idea is the fact that the RNA pseudoknot must be within 5 to 7 nucleotides (nt) of the slip site for efficient frameshifting to occur on the IBV signal (6) . Furthermore, it has been suggested that ribosomes do actually pause at or near a stem-loop structure which forms part of a ribosomal frameshift signal in the E. coli dnaX gene (36) . We therefore set out to examine this possibility by introduction of the sequence for an RNA pseudoknot into an mRNA specifically to detect ribosomal pausing at the structure. We report here that a pseudoknot can arrest temporarily the passage of the elongating ribosome. Our results support the hypothesis that translational pausing is required for the ribosomal frameshift process but may not provide a complete explanation of the contribution of the RNA pseudoknot to the frameshift process.
MATERIALS AND METHODS
Site-directed mutagenesis. Site-specific mutagenesis was carried out by a procedure based on that of Kunkel (24) as described previously (4) .
Construction of plasmids. The basic plasmids used in this study are detailed in Fig. 2 . Plasmid pKT1 was constructed by inserting the influenza virus A/PR8/34 PB1 gene (43) into the PvuIl site of plasmid pING14, a derivative of plasmid pSP64-T (23) , such that the PB1 gene was placed under the control of the bacteriophage SP6 RNA polymerase promoter. Plasmid pKT1 and mutant derivatives contain the bacteriophage fl intergenic region (11) in a nonessential region of the vector and may therefore be converted to a single-stranded form by superinfection with bacteriophage R408 (30) in order to facilitate convenient site-directed mutagenesis. Plasmid pPSO was derived from pKT1 by introducing adjacent unique XhoI and PvuII restriction enzyme cleavage sites 1,167 nt from the beginning of the PB1 coding sequence by site-directed mutagenesis using the oligonucleotide 5'-TTGAAATAT'1CCTCGAGCACAGC TGAATGATTCAACA-3' (38-mer) . Plasmid pPSl was constructed from pPSO by insertion between the XhoI and PvuII In vitro transcription. Plasmids were prepared for in vitro transcription as described previously (3) . In vitro transcription reactions were carried out essentially as described by Melton et al. (28) and included the synthetic cap structure 7meGpppG (New England Biolabs) to generate capped mRNA. Product RNA was recovered by a single extraction with phenol-chloroform-isoamyl alcohol (49:49:2) followed by ethanol precipitation in the presence of 2 M ammonium acetate. The RNA pellet was dissolved in water, and remaining unincorporated nucleoside triphosphates were removed by Sephadex G-50 chromatography. RNA was recovered by ethanol precipitation, dissolved in water, and checked for integrity by electrophoresis on 1.5% agarose gels containing 0.2% iodoacetic acid before use for in vitro translation.
In vitro translation. In ribosomal frameshift assays, serial dilutions of purified mRNAs were translated in rabbit reticulocyte lysates as described previously (3) except that the translations were carried out at 26 rather than 30°C. Translation products were analyzed on sodium dodecyl sulfate (SDS)-12.5% (wt/vol) polyacrylamide gels according to standard procedures (15) . The relative abundance of nonframeshifted or frameshifted products on the gels was estimated by scanning densitometry of direct autoradiographs and adjusted to take into account the different methionine contents of the products. Scans were performed on exposures that were in the range where film response to excitation was linear. Frameshift efficiencies were calculated from those dilutions of RNA at which translation was highly processive The basic plasmids used in this study. Plasmid pKT1 contains a reporter gene, the influenza virus PB1 gene, flanked by 3-globin noncoding regions under the control of the bacteriophage SP6 promoter. Unique XhoI and PvuII restriction endonuclease cleavage sites were introduced into the PB1 gene by site-directed mutagenesis to create plasmid pPSO. Plasmid pPS1 was prepared by introducing complementary pseudoknot (PK)-forming oligonucleotides into XhoI-PvuII-cut pPSO as detailed in Materials and Methods. The minimal RNA pseudoknot structure present in pPS1/AvaIIderived transcripts is shown at the bottom. In this representation, the two stacked stems are drawn vertically and form a quasicontinuous double helix of 17 bp. The single-stranded connecting loops contain 2 (loop 1) and 8 (loop 2) nt, respectively. In the minimal pseudoknot, which contains no termination codons, the stems are of the same length and base pair composition as the wild-type pseudoknot (see Fig. 1 ) except that the G-A mismatched pair in stem 1 of the wild-type structure is replaced by a U-G pair. Two other differences are present: the G nucleotide in loop 1 of the wild-type structure is changed to a C and loop 2 contains only 8 of the 32 nt present in the wild-type structure. Complementary and compensatory changes in the pseudoknot region of pPS1 are also shown. Mutations were created in either stem 1 or stem 2 by site-directed mutagenesis. For each region of the stems analyzed, the two complementary changes (no base pairing) and the compensatory change (base pairing restored) are boxed and labeled with a mutant number.
(RNA concentrations of 10 to 25 ,ig/ml of reticulocyte lysate). In ribosomal pausing assays, conditions were the same except that the translational inhibitor edeine was added 5 min after the start of the reaction in order to obtain synchronous initiation (final concentration, 5 ,uM). Aliquots of 1.5 j,l were withdrawn from the translation reaction mixture at specified intervals, mixed with an equal volume of pancreatic RNase A (100 jig/ml) in 10 mM EDTA (pH 7.5), and incubated at 25°C for 15 min prior to analysis on SDS-12.5% (wt/vol) polyacrylamide gels. The extent of ribosomal pausing was estimated by densitometry. Linear scans were prepared by using a Chromoscan 3 densitometer (Joyce-Loebl) equipped with a 546-nm wavelength filter. Quantification of individual bands was achieved by using an XRS scanner (OmniMedia) and Adobe Photoshop/Optilab X2 software.
RESULTS
Construction of a reporter plasmid to detect ribosomal pausing at an RNA pseudoknot. Our initial characterization of the frameshift signal present at the la/lb junction region of the IBV genomic RNA indicated that it was approximately 81 nt in length and suggested that the 3'-terminal 68 nt folded to form an RNA pseudoknot (4), involving two coaxially stacked base-paired stems (stems 1 and 2) with connecting single-stranded loops (loops 1 and 2) of 2 and 32 nt, respectively ( Fig. 1 ). Subsequent characterization of this structure by mutagenesis revealed that its primary structure could be changed radically without influencing its ability to promote frameshifting, provided that the base pairing in stems 1 and 2 was maintained and that the connecting loops remained sufficiently long to allow proper stacking of the stems (7) . Thus, loop 2 could be shortened to as little as 8 nt, and any nucleotide within the stems could be altered, provided that a compensatory mutation was introduced at the appropriate site. On this basis, we were able to design a novel minimal pseudoknot-forming sequence which retained full functional activity in frameshifting but which was only 44 nt in length and contained no termination codons in any reading frame (see Fig. 3 ). This sequence has provided a convenient basis for the analysis of a number of aspects of the frameshift process (6) , and so we chose to test whether its presence within an mRNA could present a barrier to the elongating ribosome.
The initial plasmid construction designed to investigate this question, pPS1 (Fig. 2) , contains, under the control of the SP6 bacteriophage RNA polymerase promoter, a copy of the influenza virus PB1 gene into which has been inserted the pseudoknot-forming sequence in such a way that the reading frame was maintained throughout the modified gene.
Ribosomal pausing at the RNA pseudoknot. We chose to look for ribosomal pausing at the RNA pseudoknot sequence by examining the size and distribution of incomplete polypeptide intermediates produced during in vitro translation of pPS1-derived transcripts in rabbit reticulocyte lysates. If ribosomes tend to pause at a particular location during elongation, then incomplete products corresponding to stalling at this location should be relatively abundant in translation reactions arrested at a time when ribosomes are passing through the region containing the pause site. RNA transcripts from pPS1/AvaII (pPS1 digested with AvaII, which cuts the PB1 gene some 500 nt downstream from the pseudoknot) were translated in the rabbit reticulocyte lysate system, and samples were removed at intervals for analysis by gel electrophoresis. The predicted size of the full-length translation product from this mRNA is 62 kDa. To facilitate detection of intermediates corresponding to ribosomal pausing, we modified the standard translation reactions in two ways. First, the reactions were carried out at 26 rather than 30°C, since the general reduction in the rate of translation at the lower temperature should create a longer time period for recognition of translational intermediates. Second, to simplify the pattern of intermediates observed, translation was synchronized by the addition of edeine, a potent inhibitor of initiation (34), 5 min after the start of the reaction.
The results of this experiment are shown in Fig. 3A Translation was allowed to proceed at 26°C in the presence of [35S]methionine for 5 min prior to addition of edeine to a final concentration of 5 ,uM. Samples were withdrawn at the indicated times after edeine addition, and translation products separated on SDS-12.5% polyacrylamide gels. Labeled polypeptides were detected by autoradiography. 14C-labeled molecular weight standards (M) were from Amersham International, Amersham, United Kingdom. The pPSO track on each gel marks the expected position of a pseudoknot-induced ribosomal pause product and was prepared by translating pPSO/XhoI-derived mRNA at 26°C for 1 h. The 43-kDa* pause product is indicated by an arrow. Although the size of this protein as predicted from the nucleic acid sequence of the PB1 reporter gene is 43 kDa, it migrates somewhat more slowly in SDS-polyacrylamide gels because of the highly basic nature of the PB1 protein (4). (C) Translation products from pPS1-digested templates (PstI, XhoI, PvuII, and BanII) were prepared (26°C, 1 h, no edeine) and analyzed on an SDS-12.5% polyacrylamide gel in comparison with a time course of translation of pPS1/AvaII-derived mRNA (with edeine, 12.5-, 15-, and 20-min time points shown). The 43-kDa* pause product of the pPS1/AvaII translations is indicated by an arrow. of the size expected for ribosomal pausing at the pseudoknot-forming sequence (the size of this protein as predicted from the nucleic acid sequence of the PB1 reporter gene is 43 kDa, but it migrates somewhat more slowly in SDS-polyacrylamide gels because of the highly basic nature of the PB1 protein [4] ). However, this product was not seen during translation of transcripts derived fromAvaII-digested pKT1 (pKT1/AvaII), the corresponding plasmid lacking the pseudoknot-forming sequence (Fig. 3A) . The identification of this polypeptide as a pseudoknot-induced product was further strengthened by the observation that it appeared to comigrate with the translation product of transcripts from pPSO digested with XhoI (pPSO/XhoI; Fig. 3B ), which cleaves the plasmid at the position of the inserted pseudoknot sequence of pPS1 (Fig. 2 ). Finally, it was evident that most of the radioactivity in the 43-kDa polypeptide disappeared as translation of pPS1-derived RNA proceeded to completion, indicating that it was not a dead-end product but rather a true intermediate in translation. We conclude from these data that the presence of the pseudoknot-forming sequence can slow or stall temporarily the passage of the ribosome along the mRNA. We determined more accurately the site of the ribosomal pause by comparing the position of the paused band with positions of translation products of different sizes prepared from RNA transcribed from a range of pPS1 digests (Fig. 3C ). It is clear that the pause product corresponds very closely in size to that protein synthesized from pPS1/XhoI, in good agreement with the size expected for a pseudoknot-induced pause.
An inspection of the translation time courses of pKT1 and pPS1 revealed that in addition to the pseudoknot-induced pause, a number of other intermediate bands were visible, many of which were transient species. These products could well represent pausing at other RNA structures, perhaps pseudoknots, in the mRNA. The precise locations of these additional pause sites remain to be determined.
Is the ribosomal pausing the result of RNA structure in the mRNA? If the observed ribosomal pause at the pseudoknotforming sequence is due to directly to encounter of the RNA structure, it might be expected that conditions favoring the formation of such structures would tend to increase the extent of pausing, and vice versa. Since Mg2e ions are known to be able to stabilize RNA structure (17) , we tested the effect of increasing the Mg2+ concentration during translation of pPS1-derived mRNA and control mRNA transcribed from pKT1. The reticulocyte lysates used in this study were prepared by the method of Jackson and Hunt (20) and contain about 1.5 mM endogenous Mg2+. In reactions containing a total of 2 mM Mg2+ (Fig. 4A) , the 43-kDa paused product appeared later than it did under standard conditions, reflecting a general reduction in the rate of translation, but was clearly more pronounced relative to the other translational intermediates. We next analyzed the influence of raised temperature on the appearance of the paused product, since RNA structure should become less stable under these conditions. In reactions carried out at 35 rather than 26°C, the paused product was much less evident than before (Fig. 4B ).
These data are consistent with the idea that the translational pausing observed in these experiments is due to the presence of some kind of secondary or tertiary RNA structure which arrests the progress of the ribosome.
Is a pseudoknot responsible for the ribosomal pause? As illustrated in Fig. 1 and 2 with MgCl2 to give a final Mg2e concentration of 2 mM. Translation products were prepared, labeled, and analvzed as described in the legend to Fig. 3. (B) Time course of translation of pKTl/AvaIIand pPS1/AvaII-derived mRNAs in reticulocyte lysates. Translation products were prepared, labeled, and analyzed as described in the legend to Fig. 3 except that the translation reactions were incubated at 35 rather than 26°C. M, molecular weight standards.
(stems 1 and 2) linked by two single-stranded loops (loops 1 and 2). If the ribosomal pause observed during translation of pPS1-derived RNA is due, as predicted, to encounter of a pseudoknot, then it would be expected that destabilization of these base-paired stems, through mutation of the nucleotides comprising one of the strands, should abolish the pausing. However, pausing should be restored by the introduction of compensatory mutations on the opposite strand which allow the stem to re-form. We used this kind of approach originally to establish the requirement for the pseudoknot in ribosomal frameshifting (4) . The mutations designed to test this possibility are shown in Fig. 2 , and the results of translating mRNAs containing these mutated sequences are shown in Fig. 5 . Translation of RNAs from the mutant plasmids with destabilizing mutations in stem 1 (pPS9 and pPS10; Fig. 5A ) caused a dramatic reduction in the abundance of the paused product and pausing was at greatly reduced levels with the stem 2 mutants (estimated sevenfold reduction in pausing; pPS11 and pPS12; Fig. SB ). However, synthesis of the paused product was restored to the wild-type level with pPS9.10 and pPS13, in which compensatory changes had been made and the pseudoknot structure had been restored. These observations support the idea that the specific structure of the pseudoknot is essential for the arrest of ribosomal progress.
Is the peculiar structure of the RNA pseudoknot required for ribosomal pausing? The results described above raise the possibility that the contribution of the RNA pseudoknot to the IBV frameshift signal may be to slow or stall the ribosome as it traverses the slip site, increasing the probability that a frameshift will occur. We previously showed that replacement of the pseudoknot-forming sequence with a sequence designed to fold into a stem-loop structure with exactly the same number and type of base pairs as the pseudoknot did not produce an efficient frameshift signal (7) , suggesting that some feature peculiar to the pseudoknot was necessary for the effect. If the induction of a ribosomal pause is the sole contribution of the RNA pseudoknot to frameshifting, it might be expected that such pausing could be induced by the pseudoknot but not by the equivalent stem loop structure. We therefore constructed plasmid pPS7 ( Fig.  6A) , in which the pseudoknot-forming sequence of pPS1 was replaced by a stem-loop-forming sequence, and analyzed the translation pattern of its RNA product.
The results of this experiment are shown in Fig. 6B . It can be seen that the presence of the stem-loop-forming sequence resulted in the synthesis of a translational intermediate of the size expected for a paused product, in the same way as did the pseudoknot-forming sequence, and most of the radioactivity in the polypeptide band chased into higher-molecularweight material, indicating that it was a true intermediate rather than a dead-end product. However, the amount of product detected was considerably less than that seen with the pseudoknot-containing RNA (pPS1), indicating that the simple-stem-loop structure is a less effective inducer of ribosomal pausing. (Densitometric analysis of the gels indicates that pausing is reduced some fivefold in the pPS7 construct.) This observation could well explain the inability of the stem-loop to functionally replace the pseudoknot in the frameshift process. A potential difficulty with this interpretation, however, is that the stem-loop-forming sequence shown previously to be unable to substitute successfully for the equivalently base-paired wild-type pseudoknot in a frameshift assay (7) is significantly different from that introduced into pPS7; the latter was designed to reproduce the base pairing predicted for the minimal pseudoknot present in pPS1 ( Fig. 6A ) and should produce a rather more stable structure. Indeed, using the base-stacking rules of Turner and colleagues (38) , it can be calculated that the minimal stem-loop is more stable than the wild-type stem-loop by some 2.6 kcal (1 kcal = 4.184 kJ)/mol (-28.3 kcal/mol versus -25.7 kcallmol).
We decided therefore to test directly the ability of the minimal stem-loop to replace functionally the pseudoknot in a frameshift assay by introducing a slippery sequence into pPS7. We began by inserting the sequence J1T1TlAAACT GATGC immediately upstream of the start of the predicted stem-loop in pPS7 by oligonucleotide-directed mutagenesis. The resulting construct, pPS7fs, thus contained the IBV slippery sequence, UUUAAAC, positioned 6 nt upstream of the minimal stem-loop. The 6-nt spacing distance chosen is known to be the optimal distance for efficient frameshifting (detailed in Fig. 2) were digested with AvaIl, transcribed by using SP6 RNA polymerase, and translated in reticulocyte lysates. Translation products were prepared, labeled, and analyzed as described in the legend to Fig. 3 . M, molecular weight standards.
at a signal containing the minimal pseudoknot sequence (6) and was the distance chosen in our earlier analysis of the frameshift properties of the wild-type stem-loop structure (7) . The reading frames in pPS7fs are arranged such that ribosomes which do not frameshift at the slippery sequence terminate at the UGA codon immediately downstream and give rise to a 43-kDa product. Ribosomes which undergo a -1 frameshift fail to encounter this termination codon and continue to translate into the downstream PB1 sequence.
To investigate more rigorously the relationship between pausing and ribosomal frameshifting and to allow a direct comparison of the frameshift ability of the minimal pseudoknot and minimal stem-loop to be made in the same genetic background, we converted all of the pausing constructs described in this study to frameshift constructs in the same manner as was described for pPS7fs above. The modified constructs (designated by the suffix "fs") were digested with AvaII, transcribed by using SP6 RNA polymerase, and translated in the reticulocyte lysate system. In this experiment (Fig. 7A) , no edeine was added and the translations were carried out at 26°C for 1 h. As can be seen from the gel, a 43-kDa product corresponding to nonframeshifting ribosomes was seen in each case. The frameshift efficiency seen with the minimal pseudoknot structure (pPSlfs) was estimated to be 40%, taking into account the different methionine contents of the nonframeshifted (43-kDa) and frameshifted (62-kDa) species. This is in good agreement with the efficiency measured for the minimal pseudoknot structure in a different reporter gene (6) . With construct pPS7fs, however, frameshifting was at a very low level (1 to 2%), indicating that the minimal stem-loop structure cannot functionally replace an RNA pseudoknot in the frameshift process. It is possible, therefore, that the reduced level of ribosomal pausing at the stem-loop has led to a concomitant reduction in the frameshift efficiency.
The frameshift assays presented in Fig. 7A also suggest that a relationship may exist between frameshifting and pausing. The pseudoknot stem mutants which gave reduced or greatly reduced pausing (pPS11, -12, -9, and -10) showed little (1 to 2%) or no (<1%) frameshifting (pPSllfs, -12fs, -9fs, and -lOfs), yet the double-mutant, pseudo-wild-type stem mutants which produced wild-type levels of pausing (pPS9.10 and pPS13) were fully competent in frameshifting (pPS9.lOfs and pPS13fs). Despite this close correlation, it must be borne in mind that a defined paused product was seen in the assay of the stem-loop construct (pPS7), albeit at a reduced level, and so the possibility remains that some feature of the RNA pseudoknot other than its ability to slow or stall elongation is important for its functional role in ribosomal frameshifting. That a close correlation exists between pausing and frameshifting relies upon our assumption that in these experiments, no ribosomal pausing is occurring at the introduced slippery sequence in the pPSfs constructs. We are currently testing experimentally whether the constructs which produced only low-level frameshifting (pPS7fs, -9fs, -lOfs, -llfs, and -12fs) indeed show low levels of pausing within the context of the pPSfs mRNA transcripts. The frameshift assays in Fig. 7A were performed in the absence of the initiation inhibitor edeine. Although this compound was not expected to influence ribosomal elongation, we sought to confirm that it did not affect frameshifting efficiency by translating frameshift reporter constructs in the presence or absence of this inhibitor. As can be seen in Fig.  7B , the presence of edeine resulted in a general reduction in overall protein synthesis (as would be expected from the reduced number of initiation events) but did not influence the MOL. CELL. BIOL. pPS1/AvaIIand pPS7/AvaII-derived transcripts in reticulocyte lysates. The translation products were prepared, labeled, and analyzed as described in the legend to Fig. 3 . M, molecular weight standards. frameshift efficiency of constructs containing either the wild-type (pFS8 [7] ) or the minimal (pPSlfs) IBV pseudoknot.
DISCUSSION
RNA pseudoknots have been implicated in a wide range of translational phenomena, such as ribosomal frameshifting, termination codon readthrough, and control of initiation. In cases where the translational effect is mediated at the level of the elongating ribosome, it has been suggested that the role of the pseudoknot may be to slow or stall the ribosome in the vicinity of some primary sequence signal in order to facilitate an unusual translational event. To test this hypothesis, we have studied translational elongation in vitro on mRNAs engineered to contain a well-defined pseudoknot-forming sequence. This sequence was based on that present at the junction between the la and lb ORFs from the genomic RNA of IBV, which is known to be an essential element of a high efficiency -1 frameshift signal (4, 7) .
Insertion of the pseudoknot-forming sequence at a specific location within the influenza virus PBl mRNA clearly resulted in the production, during in vitro translation in rabbit reticulocyte lysates, of a new translational intermediate corresponding to the size expected for ribosomal arrest at the pseudoknot. The appearance of this protein species during the course of the reaction was transient, indicating that it was a true paused intermediate rather than a simple dead-end product, and mutational analysis confirmed its dependence on the presence of a pseudoknot structure within the mRNA. This conclusion was strengthened by the observation that alteration of the conditions of in vitro translation in ways expected to increase the stability of the RNA structure, by lowering the reaction temperature or by increasing the Mg2+ concentration, also increased the extent of pausing, as evidenced by an increased amount of detectable intermediate.
The fact that the pseudoknot can cause significant arrest of the elongating ribosome is interesting in light of previous experiments addressing the effect of mRNA secondary structure on translation. Kozak (22) showed that the presence within the 5' UTR of a stem-loop of 18 bp was capable of blocking migration of the 40S ribosomal subunit from the 5' end of the mRNA to the AUG start codon. However, other groups (26, 32) have shown that stem-loops of considerably greater stability located within the coding sequence of mRNA do not present an insurmountable obstacle to the elongating ribosome, and so it has been assumed that the elongating ribosome is capable of unwinding effectively such extensive secondary structure. These studies, however, may not have detected a short transient arrest caused by the presence of the stem-loop. In our experiments, it was clear that the presence of a sequence capable of forming a stem-loop of 17 bp could to some extent induce ribosomal pausing, and this finding accords with the observation of Tsuchihashi (36) . However, it was striking that a pseudoknot comprising exactly the same number and type of base pairs induced a greater degree of pausing. No theoretical framework exists as yet for calculation of the precise thermodynamic stability of a pseudoknot, but it seems likely that it is considerably less stable than a stem-loop with an equivalent number of base pairs (27, 42) , particularly if these base pairs are contiguous (38) . Thus, the extent of pausing induced by the pseudoknot is unlikely to reflect simply the energy required for its unwinding but rather its peculiar architecture. This could reflect the inability of a hypothetical ribosome-associated RNA helicase to deal efficiently with the pseudoknot, or might be due to the presence of some kind of specific binding factor whose association with the pseudoknot could lead to transient ribosomal arrest. Further studies will be needed to clarify this point.
An important question to address is whether the ribosomal pause described in these experiments is necessary and sufficient to explain the potentiating effect of the pseudoknot in ribosomal frameshifting. For the experiments at 26°C, our data raise the possibility that a pause is required for the 
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- The sequence 5'-l-l-lAAACTGATAC-3' was introduced into each of the pausing constructs described in this study in order to allow ribosomal frameshifting to be monitored (see text for details). The resulting frameshift constructs (designated by the suffix "fs") were digested with AvaII and transcribed with SP6 RNA polymerase. Transcripts were translated in reticulocyte lysates at 26°C for 1 h in the absence of edeine. mRNAs from pPSO/XhoI and pPS1/AvaII templates were also translated (under the same conditions) to generate size markers for the position of the expected nonframeshifted (43-kDa) and frameshifted (62-kDa) products from the frameshift translations. Polypeptides were labeled with [35S]methionine and separated on an SDS-12.5% polyacrylamide gel. H20 indicates a no-RNA control translation. (B) No influence of edeine on ribosomal frameshifting. mRNAs derived from pFS8/SmaI and pPS1/AvaII templates (see text) were translated in rabbit reticulocyte lysates and analyzed on an SDS-12.5% polyacrylamide gel. All translations were for 1 h at 26°C. In those translations which contained edeine (+), translation was allowed to proceed in the presence of [35S]methionine for 5 min prior to addition of edeine to a final concentration of 5 ,uM. frameshift, since we have not identified a situation in which frameshifting occurs without a pseudoknot-induced pause. However, at 35°C, little pausing was seen, yet frameshifting is known to occur at the wild-type level at this temperature (5) . We believe that the likely explanation for this observation is that a pause does occur at 35°C and is required for the frameshift process, but the pause may be too short-lived to be easily detected in the assay system used here. Confirmation of this hypothesis will require further studies. Whatever the case, it seems that a pause in itself is not sufficient to account for the role of the RNA pseudoknot in the frameshift process, since a simple stem-loop reproducing the base pairs present in the pseudoknot, while unable to mediate highefficiency frameshifting, was capable of inducing ribosomal pausing, though at a reduced level. This conclusion, however, must be tempered by the consideration that the assay for pausing used, although revealing gross differences in the level of pausing, cannot address the possibility of subtle differences in the kinetics of pausing at pseudoknots and stem-loops which could be crucial for its biological effect. It is possible that some additional feature of the pseudoknot, aside from its ability to induce pausing, is necessary for its dramatic effect on frameshifting.
During preparation of this report, Tu and colleagues (37) reported that a pseudoknot known to be part of a frameshift signal in the Li killer virus of the yeast S. cerevisiae could also impede the passage of ribosomes during in vitro translation. This conclusion was based on an approach very different from that reported here, namely, the identification of regions of RNA protected from RNase degradation during in vitro translation by the heel-printing technique (41); sites within an RNA at which ribosomes pause should tend to be protected more effectively than others. Using this technique, they were able to show that the presence of the pseudoknot provided increased RNase protection to a region just upstream, indicating ribosomal pausing in the vicinity of the frameshift site, and that mutations predicted to destroy the pseudoknot structure reduced this protection. A disadvantage of this approach is that it cannot directly distinguish between ribosomes which have paused temporarily during translation from those which have stopped permanently, although the authors present quantitative arguments in favor of a transient effect. Furthermore, they observed that one mutation, which virtually abolished frameshifting, still preserved the apparent pause, suggesting that factors other than the ability of the pseudoknot to impede ribosomal elongation are involved.
Although we have demonstrated transient arrest of ribosomes during in vitro translation, whether ribosomal elongation will be similarly affected in vivo remains to be determined. The temperature and ionic composition of our in vitro translation reaction mixtures differ significantly from those in the cellular environment; furthermore, the ribosome density on mRNAs translated in the message-dependent reticulocyte lysate system is likely to be considerably lower than that in vivo, particularly following edeine treatment. Each translational pause measured in the in vitro system could well represent an encounter between a single ribosome and the RNA structure. In vivo, where a number of consecutive ribosomes may be translating the same mRNA, melting of the pseudoknot by the first ribosome could eliminate the barrier to elongation by subsequent ribosomes if the structure was unable to re-form sufficiently quickly. However, this would also apply to the frameshift process; if the pseudoknot was melted out by the first ribosome, then subsequent trailing ribosomes would not frameshift at the slippery sequence unless the pseudoknot had re-formed. It is not known whether any mechanistic differences exist between pseudoknot-directed frameshifting in vitro and in vivo. To date, measurements of ribosomal frameshifting at RNA pseudoknots have revealed similar efficiencies in reticulocyte lysates and in vivo, implying that differences in ribosome loading on mRNAs are unlikely to influence greatly the process. It is therefore possible that the pseudoknot does induce ribosomal pausing in vivo and that this effect may be an important aspect of the pseudoknot contribution to frameshifting. It has been suggested that RNA pseudoknots are involved in the readthrough of a termination codon at the junction of the gag andpol genes of the retrovirus Molony murine leukemia virus (13, 40) . It will be of interest to see whether the readthrough process also requires pausing at an RNA pseudoknot.
